ABSTRACT
The development of T-cell lymphomas in rodents infected with type C retroviruses has been linked to the generation of a class of envelope (env) recombinant viruses called mink cell focus-forming viruses (MCF viruses) in the preleukemic thymus. To determine whether infection by MCF viruses altered the growth phenotype of retrovirus-induced T-cell lymphomas, a Moloney murine leukemia virus-induced interleukin-2 (IL-2)-dependent rat T-cell lymphoma line (4437A) was infected with MCF-247, modified MCF-V33 (mMCF-V33), or NZB-xenotropic (NZB-X) virus. The effects of virus infection on the IL-2 dependence of these cells was examined by cultivating them in the absence of IL-2. After IL-2 withdrawal, the uninfected and NZB-X-infected cells went through a crisis period characterized by massive death. All the independently maintained cultures of MCF-and mMCF-V33-infected cells, on the other hand, became IL-2 independent without a crisis. All the polytropic virus-infected IL-2-independent cultures contained a population of cells that was polyclonal with regard to polytropic provirus integration. Over this polyclonal background each culture produced multiple clones of cells that were selected rapidly after IL-2 withdrawal. Furthermore, the resulting MCF-or mMCF-V33-infected IL-2-independent cells retained the expression of IL-2 receptor. These data show that MCF and mMCF-V33 viruses may alter the growth phenotype of a T-cell lymphoma line and suggest that their effect on cell growth may be due to the direct interaction of the MCF envelope glycoprotein with cellular components, perhaps the IL-2 receptor.
In 1977 Hartley and Rowe isolated a new class of envelope recombinant retroviruses from the thymuses of preleukemic AKR/J mice. These viruses were named MCF (mink cell focus-forming) viruses because they formed cytopathic foci on mink lung cells (1) or were called polytropic because of their ability to infect mouse and heterologous cells in culture (2) . Early studies showed that they arose by recombination between the replicating ecotropic Akv virus and other endogenous nonecotropic retroviral loci (3) . Since the main difference between the ecotropic and the MCF viruses was in the env gene, it was hypothesized that the protein product of env played an important role in viral leukemogenesis (1, 2) . However, this view was challenged later by two additional pieces of information: (i) The main determinant of the retroviral oncogenic potential was mapped in the long terminal repeat (LTR), which contains promoter and enhancer sequences that may affect the expression ofcellular genes in the vicinity of proviral integration (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . (ii) It was shown that the MCF viruses differ from the ecotropic viruses not only in the env gene but also in the LTR (3, (17) (18) (19) (20) . The controversy was resolved by testing the leukemogenic potential of natural polytropic virus isolates and recombinants constructed in vitro. The results showed that both the LTR and the env gene contribute to viral leukemogenesis (9) (10) (11) (12) (13) (14) (15) (16) (21) (22) (23) .
To explain the role of the env gene product in oncogenesis several mechanisms have been proposed: (i) A virus with a novel env gene may circumvent superinfection resistance to ecotropic viruses, achieving efficient infection of ecotropic virus-infected cells (24) . Such cells, representing the putative progenitors ofthe tumor cells, are proliferating actively in the spleen in the early stages of virus infection (reviewed in refs. 25 and 26) . Infection of these cells by MCF viruses arising in the thymus may be the critical step responsible for cellular transformation via insertional mutagenesis (24) . (ii) Simultaneous infection by ecotropic and MCF viruses may suppress the growth of bone marrow stromal cells, which in turn inhibits hematopoiesis. This may be caused by the aftchment of the env gene product, which may mask critical growth factor receptors (27) . The proliferation of hematopoietic cells in the spleen in the early stages of oncogenesis represents compensatory extramedullary hematopoiesis. (iii) Interaction of the MCF env gene product with its receptor may stimulate cell growth. Early experiments had suggested that individual tumor cells are infected by and produce MCF viruses whose env gene product binds to the tumor cell surface and may induce cellular proliferation (28) . More recent studies have shown that the MCF envelope binds to rare T-cell receptor L3T4 complexes expressed on the surface of the tumor cells. Antibody-mediated block of this interaction inhibits tumor cell proliferation (29) .
This study was undertaken to determine whether infection of retrovirus-induced tumor cells with MCF viruses altered their growth phenotype, and if so, whether the measured effect was a function of the env gene product. Our results have shown that infection of an interleukin-2 (IL-2)-dependent Moloney murine leukemia virus (MoMuLV)-induced rat T-cell lymphoma line with two independent MCF virus isolates renders it IL-2 independent. Since this effect was not detected after infection with a xenotropic virus and the selection of IL-2-independent cells was not preceded by a crisis period, the altered phenotype of the MCF-infected cells may be due to the direct action of the env gene product, which perhaps interacts with the IL-2 receptor (IL-2R).
MATERIALS AND METHODS
Cells, Viruses, and Tissue Culture Conditions. The cell line 4437A is a CD4-CD8' IL-2-dependent T-cell lymphoma line established in culture from a MoMuLV-induced rat thymoma (30) . Explanted tumor cells were cultured in RPMI 1640 medium supplemented with 10% horse serum, penicillin (50 units/ml), streptomycin (50 /g/ml), and kanamycin (100 /Ag/ml) and recombinant human IL-2 (50 units/mI).
Abbreviations: MCF, mink cell focus-forming; MoMuLV, Moloney murine leukemia virus; IL-2, interleukin 2; IL-2R, IL-2 receptor; LTR, long terminal repeat.
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Cultures of Mus dunni embryo fibroblasts either virus-free or infected with the polytropic virus MCF-247 (17, 31) or mMCF-V33 (20, 32) or with the xenotropic virus NZB-X (33) were kindly provided by John Coffin and Wayne Frankel (Tufts University School ofMedicine). The mMCF-V33 virus contains a modified polytropic env gene cloned in the MCF-247 backbone. The modified env gene has been cloned from a subclass of endogenous polytropic murine retroviruses. By comparison with the polytropic env gene it exhibits a 27-base-pair (bp) deletion (20, 32) . 4437A cells were infected with these viruses by cocultivation with the infected M. dunni cells following the protocol described in Fig. 1 . As a control, 4437A cells were cocultivated under identical conditions with virus-free M. dunni cells. These cells, although infected with MoMuLV, are referred to as uninfected cells in this report.
Southern Blot Analysis of Genomic DNA. Genomic DNA from IL-2-dependent and -independent variants of the 4437A cells was isolated by standard procedures (30, 34) . A 10-,ug sample of genomic DNA was digested with restriction endonucleases (Bethesda Research Laboratories or New England Biolabs) and after agarose gel electrophoresis and transfer to nylon membranes was hybridized to the 32P-labeled viral probe as previously described (30, 34) . The probe, a 625-bp BamHI-EcoRI env DNA fragment derived from the MCF-13 virus genome (3), was isolated from a clone kindly provided by Arifa Khan (National Institutes of Health).
Flow Cytometry. Parental IL-2-dependent 4437A cells and five IL-2-independent 4437A sublines were examined for IL-2R expression by flow cytometry after staining with the monoclonal antibody OX-39 (35) . A total of 106 viable cells were washed in phosphate-buffered saline with 3% fetal calf serum, incubated with OX-39, rewashed, and incubated again with a fluorescein-conjugated F(ab')2 fragment of rabbit antibody to mouse immunoglobulin G. The second antibody alone was used as a control to determine nonspecific binding. After washing, the cells were resuspended in phosphatebuffered saline with 3% fetal calf serum and propidium iodide, which stains nonviable cells. Flow cytometric analysis was performed by using a FACStar Plus instrument (Becton Dickinson).
RESULTS
The protocol we followed to determine whether infection by MCF viruses affects IL-2 dependence of T-cell lymphoma cells is shown in Fig. 1 . On day zero, 6 x 106 4437A IL-2-dependent rat T-cell lymphoma cells were overlayed on a monolayer of M. dunni cells that were either uninfected or infected with MCF-247, mMCF-V33, or NZB-X. Three independent T75 flasks were established for each culture condition. Each culture was ultimately subdivided into three subcultures. Therefore each culture condition was represented by nine subcultures, derived from three independent starting cultures (Fig. 1) . IL-2 was withdrawn from the cultures on either day 5 or day 7. After day 11, media were changed every 2-3 days until day 28 , when the cells were counted, photographed, and harvested. Some of the cultures were reharvested a week later, on day 35. During the period from day 11 to day 28 the cells infected with MCF-247 and mMCF-V33 exhibited decreased proliferation rate but remained viable. This was confirmed by the finding that during this time the total number of cells in most of these cultures increased (Table 1) . On the contrary, the majority of the uninfected cells and the cells infected with NZB-X gradually died ( Table 1 ). The dramatic differences in cell number between the MCF-infected and the uninfected or NZB-Xinfected cells can also be observed in Fig. 2 , which shows representative photomicrographs of these cultures. Infection of 4437A cells was confirmed by Southern blot analysis of EcoRI-digested DNA from all the MCF-247-and mMCF-V33-infected cultures harvested on day 28 and hybridization to the MCF-specific env probe (Fig. 3) . Virus-infected and -uninfected M. dunni cells, the parental IL-2-dependent 4437A cell line, and IL-2 independent cell lines isolated from the uninfected and NZB-X-infected 4437A cultures were examined. The results, a sample of which is shown in Fig. 3 
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*Three independent cultures for each infection and for uninfected cells were established on day 0. Subsequently the first culture was subdivided into the subcultures 1, 4, and 7, the second was subdivided into the subcultures 2, 5, and 8, and the third was subdivided into the subcultures 3, 6, and 9 (see Fig. 1 ). Cultures 4-6 were seeded on day 11 with a total number of 5 x 106 cells in 30 ml of medium and they were maintained in T75 flasks. Cultures 7-9 were also seeded on day 11 with 5 x 106 cells. The volume of these cultures, however, was 10 ml, and they were maintained in T25 flasks (see Fig. 1 ).
tThe numbers in parenthesis show the relative change in the number of cells per culture between day 11 and day 28. suggests that only the infection with polytropic viruses is associated with the development of IL-2 independence.
To determine whether the polytropic virus-infected IL-2-independent cells were clonal, DNA from the MCF-247-and mMCF-V33-infected cultures harvested on day 28 (Fig. 1) or on day 35 was digested with BamHI and it was hybridized to the MCF-specific viral env probe. The DNA fragments detected in this experiment represent virus-host junctions. Furthermore, each detected DNA fragment identifies a single integrated provirus. The results in Fig. 4 revealed that each IL-2-independent culture contains multiple integrated proviruses. The various intensities of individual bands and the rapid loss of some of them during passage (Fig. 4A ) indicate that the bands define different cell clones. The oligoclonal IL-2-independent cells detected in this experiment are superimposed on a polyclonal cell population. This was suggested by the smear that underlies the individual bands in each lane in Fig. 4 and by the rapid selection of cell clones containing novel proviruses during passage (Fig. 4B) .
Rapid clonal selection was observed throughout this experiment. In addition to the results presented in Fig. 4 A and B, we observed that cultures derived from a single infection and subdivided on day 5 or on day 11 may contain unrelated clonal cell populations by day 28 (Fig. 4C) . This was observed even in the unselected mass culture of M. dunni cells infected with MCF-247, where distinct viral bands define clonal cell populations (Fig. 4D) . The rapid selection ofclonal cells from heterogeneous polyclonal populations was not unexpected. This is because minor differences in the rate of cellular proliferation between two coexisting cell populations invariably lead to rapid selection of one as suggested by mathematical models and direct observations (unpublished results).
The finding that IL-2 independence is a unique feature of MCF virus infection, together with the observation that the development of IL-2 independence in polytropic virusinfected cultures is not preceded by massive cell death, suggests that IL-2 independence may be the result of the direct interaction of the MCF virus glycoprotein with cellular components. The infected cultures are consistent with this conclusion. One likely candidate target protein for the MCF envelope is the IL-2R itself. As a first step in the characterization ofpotential interactions between these proteins, we examined the expression of IL-2R in IL-2-dependent 4437A cells, in four MCF-infected IL-2-independent cultures, and in one IL-2-independent cell line selected from uninfected 4437A cells. To this end, all sublines were stained with the monoclonal antibody OX-39 (35) and analyzed by flow cytometry. The results in Fig. 5 B, C, D , and E showed that the IL-2-independent MCF-247-or mMCF-V33-infected cells continue to express IL-2R. In the uninfected culture, on the other hand, a population of IL-2R-negative cells was detected.
DISCUSSION
Recent studies have shown that MCF viruses are the product of two successive recombination events. The first event occurs between a replicating virus endogenous to the mouse strain or inoculated during the perinatal period, and the xenotropic virus BXV-1 and gives rise to an ecotropic virus with a xenotropic virus LTR (3, (17) (18) (19) (20) . The second event occurs later and replaces the ecotropic env gene with a polytropic env gene derived from at least two independent endogenous polytropic parents (36) . Several lines of evidence suggest that the MCF recombinant viruses play a critical role in T-cell leukemogenesis. These include the timing of their appearance in the late preleukemic phase in high-leukemia mouse strains and their reproducible isolation from retrovirusinduced T-cell lymphomas (1, 2 (37, 38). Finally, direct testing has shown that MCF recombinant viruses are thymotropic (39) and oncogenic (21) .
The present study was undertaken to determine whether MCF virus infection had a measurable effect on the growth properties of tumor cells. Detection of such an effect could provide a mechanism for the role that had been suggested by earlier studies (9) (10) (11) (12) (13) (14) (15) (16) (21) (22) (23) Southern blot analysis of genomic DNA isolated from polytropic virus-infected cultures revealed multiple clones of cells superimposed on a background of polyclonality. This finding is consistent with the conclusion that the MCF env gene product interacts with cellular proteins. Our inability to detect a purely polyclonal IL-2-independent cell population in the virus-infected cultures could be predicted from the demonstrated rapid clonal selection occurring during passage of tumor cells in culture (Fig. 4) .
Since the MCF env gene product may abrogate the requirement of T-cell tumor cells for IL-2, its target could be either the IL-2R or another molecule that is involved in the pathway of cellular response to the IL-2/IL-2R interaction.
A prediction of such an interaction is the continued expression of the receptor in IL-2-independent cells. Flow cytometric analysis of virus-infected IL-2-independent cells stained with the monoclonal antibody OX-39 (35) confirmed the continued expression of IL-2R. Furthermore, the detection of IL-2R-negative cells in an IL-2-independent line selected from an uninfected 4437A culture suggests that the expression of IL-2R may be required for the IL-2-independent phenotype in the polytropic virus-infected cells.
The interaction of viral envelope glycoproteins with biologically important molecules has been demonstrated previously in the case of human immunodeficiency virus (HIV) and the replication-defective spleen focus-forming virus (SFFV). The env gene product of HIV interacts with CD4, a membrane protein involved in immune recognition (40) , and the gp55 defective env glycoprotein of SFFV interacts with the erythropoietin receptor (41) , a member of a family of receptors that includes the IL-2R f3 chain (42) . In the case of HIV, CD4 functions as the receptor for viral attachment and entry into the target cells.
The early stages of type C retrovirus infection in mice are characterized by a polyclonal proliferation of phenotypically immature hematopoietic cells in the spleen and the bone marrow (43) (44) (45) (46) (47) (48) . Adoptive transfer experiments have demonstrated the presence of preleukemic cells-i.e., genetically altered partially transformed cells-in this polyclonal population (49) . As oncogenesis proceeds, T-cell lymphomas arise in the thymus, which is also the site of appearance of MCF recombinant viruses late into the preleukemic phase (1, 2) . The site and timing of MCF virus detection suggest that the MCF virus envelope is not responsible for the proliferative response observed in the early stages of oncogenesis. On the basis of the data presented in this report we suggest instead that MCF viruses exert their oncogenic role by infecting and promoting the growth of preleukemic cells circulating through the thymus during the late preleukemic phase. The stimulation of these cells to grow is perhaps the product of the direct interaction between the viral envelope glycoprotein and the IL-2R.
